We have studied the mechanical properties and phonon dispersions of fully hydrogenated borophene (borophane) under strains by first principles calculations.
Introduction
Two-dimensional (2D) boron sheet (borophene) has attracted much attention [1] [2] [3] [4] [5] [6] since it was synthesized on a silver substrate under ultrahigh-vacuum [7] . While experimental progress is slow due to difficulty in synthesizing borophene under the strict experimental conditions, many first principles calculations have been performed to study the mechanical properties, electronic structure, phonon dispersion, lattice thermal conductivity, superconducting behavior and optical properties of borophene, as well as borophene nanoribbons and borophene nanotubes [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . It has been shown that the mechanical properties of borophene are highly anisotropic [8] . The ultimate strains along the a-direction and the b-direction (zigzag-direction) are 0.08 and 0.15, respectively. The buckling height of borophene is 0.91 Å. When a biaxial tensile strain is applied to borophene, the buckling height decreases with the strain and becomes zero when the strain reaches 0.13. The superconducting transition temperature Tc of borophene is about 19 K, which can be increased to 27.4 K by applying a tensile strain, or 34.8 K by hole doping [9] . Due to the strong phonon-phonon scattering, the lattice thermal conductivity of borophene is unexpectedly low [18] . Recently, Feng et al. synthesized two boron sheets: 12 and 3, both of which belong to the triangular lattice but differ in arrangements of periodic holes [19] . Both 12 and 3 boron sheets are found planar without vertical buckling. In addition, the potential of borophene as an anode material for Li/Na ion batteries has been investigated. The theoretical specific capacities are 1860 and 1218 mAh/g for Li and Na ion battery, respectively. It is very interesting that the energy barriers of lithium and sodium diffusion along the a-direction are only 2.6 and 1.9 meV, indicating that lithium and sodium can fast diffuse along the a-direction at room temperature [20, 21] .
Hydrogenation is an important approach to modify the physical and chemical properties of 2D materials. Different hydrogenation patterns on the same 2D material can lead to different physical and chemical properties of the material [22] . For instance, graphene is a zero-gap semiconductor. The band gap of graphene can be tuned into a 3 wide range of values by controlling hydrogen coverage. The band gap of graphene which is fully hydrogenated on one side is about 1.2 eV [23] , but that fully hydrogenated on both sides (graphane) becomes 3.5 eV [24] . Therefore, hydrogen coverage strongly influences the optical properties of graphene [25] . Furthermore, at very low concentration of hydrogen, some interesting phenomena such as hydrogen-induced ferromagnetism can be observed [26] . For BN sheet, the band gap can be narrowed significantly by hydrogenation [27] . Hydrogenation also changes the mechanical properties of graphene and BN sheet significantly [28] . For graphene, the Young's modulus changes from 354 N/m in pristine graphene to 248 N/m in fully hydrogenated graphene [29] .
It has been reported that full hydrogenation can further stabilize borophene. The fully hydrogenated borophene, or Borophane, has a direction-dependent Dirac cone, and the Dirac fermions possess an ultrahigh Fermi velocity (3.010 6 m/s). This, combined with the excellent mechanical performance of borophane, makes borophane attractive for applications in nanoelectronics devices [30] . The mechanical property of a material is an important parameter for the application of the material. For example, the knowledge of mechanical properties servers as a guidance in stain engineering, which is an important way to tune the physical and chemistry properties of materials [31] [32] [33] [34] [35] [36] . To date, the strain-dependent mechanical properties of borophane have not been reported, and would be the focus of the present study.
In this work, the mechanical properties and phonon dispersions of borophane subjected to various strains are studied. Specifically, three different types of strain, (i) a uniaxial tensile strain along the a-direction (a), (ii) a uniaxial tensile strain along the b-direction (b), and (iii) a biaxial tensile strain in the borophane plane (ab) are considered. Our results show that the mechanical properties and phonon stability of borophane are both highly anisotropic. Furthermore, the elastic properties of borophane along arbitrary directions are discussed and compared with those of other 2D boron materials, borophene,  sheet, 12, 3, pmmm and pmmn 2D.
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Computational details
All calculations are performed using the Quantum-Espresso package [37] .
Ultrasoft pseudopotentials [38] are used for all atoms and the exchange-correlation approximation is described by the Perdew-Burke-Ernzerh [39] functional. The kinetic-energy cutoff of plane-waves is set to be 50 Ry. The mesh for k-point sampling is 13111 for the unit cell which contains two B atoms and two H atoms (see figure   1 ). The atomic positions and lattice constants are fully relaxed. In phonon dispersion 
respectively, the Poisson's ratio along the a-and b-direction can be given as 
respectively, while the shear modulus can be written as
Results and discussion
Unstrained borophane
The crystal structure of borophane is displayed in figure 1 . The unit cell is marked by the black dashed rectangle which contains two B and two H atoms. Each B atom is hydrogenated with an H atom at the top site. The optimized lattice constants are 1.941 Å and 2.815 Å along the a-and b-direction, respectively, which are in good agreement with previous theoretical results [30] . Borophane has a buckled configuration and the buckling height is 0.81 Å, which is smaller than that of borophene (0.91 Å) [8] . The two B atoms, labeled B1 and B2 in figure 1, in the unit 5 cell are inequivalent. For convenience of discussion, we define the bond between two B1 atoms, or equivalently two B2 atoms, in adjacent unit cells as bond1, and that between the B1 and B2 atoms as bond2. For strain-free borophane, the lengths of bond1 (r1) and bond2 (r2) are 1.941 and 1.890 Å, respectively. The inequivalence of bond1 and bond2 could be the cause of high anisotropy of borophane. The calculated electronic band structure, electronic density of states, phonon dispersion and phonon density of states of borophane are displayed in figure 2 . The band structure of borophane shows clearly a Dirac cone along the Γ-X direction, which agrees well with previous theoretical results [30] . No imaginary frequencies were found along the high-symmetry directions of the Brillouin zone, indicating that borophane is stable. In contrast, for borophene, there exists a small imaginary frequency along the Γ-X direction, which indicates that borophene is unstable against long-wavelength transversal waves [30] . Thus, under normal temperature and pressure, borophene can be stabilized by hydrogenation. 
Mechanical properties
The stress-strain curves of borophane under various strains considered are displayed in figure 3 . First of all, the mechanical properties of borophane are highly anisotropic. Under a uniaxial strain in the a-direction, the stress increases with increasing strain until εa = 0.12, beyond which the stress decreases sharply. This is an indication that borophane is unstable once the uniaxial strain in the a-direction 11.1% decrement compared to that of strain-free borophane. In contrast, it was reported that the buckling height of borophene reduces to zero when the biaxial tensile strain reaches ab = 0.13 [8] . Similarly, the buckling height of silicene drops to zero when a uniaxial strain along the zigzag direction reaches 0.17 [41] . However, the buckling height of fully hydrogenated silicene remains at 0.63 Å at the same strain [42] . These results indicate that hydrogenation is helpful for maintaining the to that in the a-direction. This is understandable since under a uniaxial strain in the b-direction, the increase in the dihedral angle  helps to release the tensile strain, and on the other hand, bond1 is parallel to the a-direction and is therefore most stretched under a uniaxial tensile strain in the a-direction. Due to the angle (41.88º) between bond2 and the b-direction, a uniaxial tensile strain in the b-direction stretches the pucker of borophane, rather than significantly extending the B-B bond lengths.
Here, we discuss the anisotropy of borophane as well as other 2D materials in terms of ultimate strains along the armchair (a-direction) and the zigzag (b-direction) directions. The ratio ( ZZ / AC ) of the ultimate strains along the zigzag ( ZZ ) and the armchair ( AC ) direction is calculated for borophane and is shown in figure 6 , together with those for graphene [43] , graphane [44] , borophene [8] , silicene [45] , silicane [46] , h-BN [47] , phosphorene [48] and MoS2 [49] . Compared with other 2D materials, borophane has a much higher  ZZ / AC . In particular, the ratio of the ultimate strains in borophane (2.5) is much larger compared to that in borophene (1.5). The huge difference in ultimate strains along the armchair and the zigzag directions of borophane indicates that uniaxial strain along the zigzag direction has priority over the uniaxial strains along the armchair direction in strain engineering. This can be attributed to two factors: (1) Borophane shows superior mechanical stability along the zigzag direction. (2) Due to the compensation of the dihedral angle and B-B bond angles, the strain energy in the zigzag direction is less than that along the armchair direction. As a result, it is easier to apply strain along the zigzag direction. It is very interesting that the ultimate strain under a biaxial strain (0.25) is much larger than that under a uniaxial strain in the armchair direction (0.12). This implies that, under a uniaxial strain in the armchair direction, lattice expansion along the zigzag direction can help to improve the mechanical stability of borophane. This is similar to the situation in graphene which has ultimate strains of 0.17 and 0.25 along the armchair and the zigzag direction, respectively. However, the ultimate strain of graphane under a biaxial strain can reach 0.23, which is much larger than that along the armchair direction.
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In addition to the ideal strength and ultimate strain, we calculated the elastic constants, Young's modulus, shear modulus, and Poisson's ratios of borophene and borophane. In order to see more clearly the unique properties of borophane, we also include several related materials such as  sheet, 12, 3, pmmm and pmmn 2D boron materials and graphene for comparison. The crystal structures of  sheet, 12, 3, pmmm and pmmn 2D boron materials [51] are displayed in figure 7 . The  sheet, 12
and 3 boron sheets are planar without vertical buckling. The total energy of pmmn,  sheet, 3 and 12 are 35, 77, 110 and 123 meV/atom higher than that of pmmm 2D boron, which are in good agreement with previous theoretical results [51] . As listed in Table 1 
Phonon dispersions of strained borophane
Phonon dispersion is important for estimating stability of crystal structure. and under a biaxial strain of (e) =0.09, (f) =0.11, respectively.
Summary and conclusions
A first principles study has been performed to investigate the mechanical properties and phonon stability of borophane. Our results show that the mechanical properties, and phonon stability of borophane are highly anisotropic. Compared with borophene, graphene, graphane, silicene, silicane, h-BN, phosphorene and MoS2, borophane presents the most remarkable anisotropy in in-plane ultimate strain, which is very important for strain engineering. The ultimate tensile strains are 0.12, 0.30 and 0.25 for uniaxial tensile strain along the a-and b-direction and biaxial tensile strain, respectively. The phonon dispersions of borophane calculated under the various applied strains indicate that borophane can withstand up to 5%, 15% uniaxial tensile strain along the a-and b-direction, respectively, and 9% biaxial tensile strain. The failure mechanism of borophane is mainly through phonon instability. The elastic properties of borophene, borophane and related 2D boron materials along an arbitrary direction were also discussed. Our results indicate that borophane has superior mechanical flexibility and phonon stability along the b-direction.
